ABSTRACT. Zircons from two paragneisses (from Mount Sones and Dallwitz Nunatak) and one orthogneiss (from Gage Ridge) in the Tula Mountains, Napier Complex (East Antarctica) were analyzed for U-Pb age, oxygen isotopes, REEs and by scanning ion imaging. A large number of zircons from all samples are reversely discordant. Mount Sones zircons show an age range from 3.0 Ga to 2.5 Ga and underwent high-grade metamorphism at both ϳ2.8 Ga and 2.5 Ga. Zircons from Dallwitz Nunatak record detrital ages between 3.5 Ga and 2.5 Ga. Zircons from Gage Ridge record multiple age groups, with concordant data between 3.6 Ga and 3.3 Ga and reversely discordant data that form a discrete ϳ3. Pb ages >4 Ga, whereas others yield ages younger than the magmatic crystallization age. Reversely discordant data are the result of ancient Pb mobilization, which is independent of the degree of metamictisation, oxygen isotope and REE content of the zircons. This mobilization can result in spurious ages and was most likely caused by polymetamorphism under anhydrous conditions; that is two high-grade events; one poorly defined at ϳ2.8 Ga and the other ultra-high temperature (UHT) metamorphism at 2.5 Ga.
and pelitic paragneisses, and minor proportions of mafic to ultramafic orthogneisses and meta-ironstones (Sheraton and others, 1987; Harley and Black, 1997; Hokada and others, 2004) . In the vicinity of Casey Bay, Amundsen Bay and the Tula Mountains ( fig.  1 ), mineral assemblages that include sapphirine ϩ quartz, osumilite, high-Al orthopyroxene, and/or high-Ca mesoperthite, record UHT metamorphic conditions between 1050 and 1120°C, at pressures that increase from north to south from 7 to 11 kbars (Dallwitz, 1968; Harley, 1987; Hensen and Motoyoshi, 1992; Harley and Motoyoshi, 2000; Hokada and others, 2008) . A stage of decompression under UHT conditions has been recognized in some localities (Hollis and Harley, 2002; Hokada and others, 2008; Shimizu and others, 2012) ; however, the general post-peak metamorphic evolution is that of isobaric cooling (Harley, 1985; Harley and Hensen, 1990; Hensen and Motoyoshi, 1992; Osanai and others, 1999; Shimizu and others, 2012) .
Peak metamorphism was associated with the regional development of a predominantly subhorizontal to shallowly-dipping gneissosity and intense mineral lineation, along with macro-scale recumbent isoclinal folding (D 1 of James and Black, 1981; Sandiford and Wilson, 1984; Sheraton and others, 1987; Toyoshima and others, 2008) . Tight inclined to recumbent macro-scale folds (D 2 ) are recognized in some localities (James and Black, 1981; Sheraton and others, 1987) , and regionally developed upright, open folds (D 3 , Sheraton and others, 1987) were developed during widespread retrograde metamorphism, producing a regional dome-and-basin structure (Toyoshima and others, 2008) . Hokada and others (2008) and Toyoshima and others (2008) suggested that the complex can be divided by inferred faults and/or shearzones into a number of blocks that have been exhumed to different levels, accounting for pressure differences in peak assemblages from north to south. Amphibolite-facies shear zones are recognized at several localities, in places accompanied by pegmatites Fig. 1 . Outcrop map of the Napier Complex, Enderby Land, East Antarctica (modified after Carson and others, 2002) . * ϭ localities of samples used in this study. Data sources from: others, 1983a, 1986b; Williams and others, 1984; Harley and Black, 1997; others, 2002a, 2002b; others, 2003, 2004; Kelly and Harley, 2005; Suzuki and others, 2006; Belyatsky and others, 2011; Horie and others, 2012 . (Sheraton and others, 1987; Carson and others, 2002b) . A variety of mafic dikes of different generations that vary from sheared to undeformed, cut across the gneisses in most localities (Sheraton and others, 1987; Suzuki others, 2008) . The regional extent and timing of peak deformation and UHT metamorphism has long been debated; however it should be kept in mind that structural field studies in Enderby Land are of limited extent and that regional correlations are necessarily tentative.
earlier geochronology
As is the case with the structural history, the timing of crust formation, protolith generation and other earlier geological events is generally obscured by the pervasiveness and intensity of a major tectono-metamorphic event at ca. 2.5 Ga (see Sheraton and others, 1987; Kelly and Harley, 2005; Hokada and others, 2008) . The available datasets are also restricted by the lack of sample availability, especially from inland localities. As a result, the same samples have been re-analyzed and reassessed in several papers, although this has been accompanied by the application of newly-available or refined techniques. Consequently, age estimates from later studies generally supersede those reported in earlier studies-an important point when considering the evidence both for near-Hadean zircon and for the timing of UHT metamorphism.
The oldest ages reported, obtained from U-Pb ion microprobe dating of zircon from felsic orthogneiss and paragneiss samples from Mount Sones and Gage Ridge in the Tula Mountains ( fig. 1 ), are scattered between ca. 4.1 and 3.9 Ga (Black and others, 1986b; Harley and Black, 1997; Kelly and Harley, 2005) , but for the most part are reversely discordant, and therefore of questionable significance. Early estimates for the age of the protolith of the Mount Sones orthogneiss (3955Ϯ10 Ma, Williams and others, 1984; 3927Ϯ10 Ma, Black and others, 1986b) were not supported by re-analysis that yielded a concordia intercept age of 3800ϩ50/Ϫ100 Ma (Harley and Black, 1997) . This revised age for magmatism coincides with other best estimates for orthogneiss from Mount Sones (3773Ϯ13 Ma, Harley and Black, 1997) and nearby Gage Ridge (3851Ϯ62 Ma, Kelly and Harley, 2005; superseding Harley and Black, 1997-3700Ϯ250 Ma) . Eoarchean zircon ages have not been found elsewhere in the Napier Complex, with the exception of a single 3981Ϯ8 Ma grain from enderbitic orthogneiss from Aker Peaks in western Kemp Land ( fig. 1 ), which Belyatsky and others (2011) interpreted as recording the age of the magmatic protolith. They also report grouped concordant zircon ages from multiple samples of charnockitic and enderbitic gneisses of 3632Ϯ12 Ma and 3628Ϯ23 Ma, respectively, which they attribute to magmatism during a granulite-facies event; however, no evidence for metamorphism at this time was presented, nor are the relationships between magmatic 3980 Ma and 3630 Ma zircon grains from enderbite explained. Thus the significance of these results remains unclear.
Elsewhere, the entrainment of Eoarchean or Paleoarchean crust in the Napier Complex has been demonstrated only by the presence of scant ages from detrital zircons in paragneisses of the Tula Mountains (for example from Mount Sones and Dallwitz Nunatak; Harley and Black, 1997) , and in depleted mantle Nd model ages from a variety of gneisses from Amundsen Bay and the Tula Mountains (Shiraishi and others, 2008 and references therein) . Model Nd ages from orthogneisses cluster around ca. 3.9 Ga at Mount Sones, 3.7 to 3.1 Ga on Tonagh Island, 3.4 Ga at Mount Riiser-Larsen and 3.5 to 3.2 Ga in the Fyfe Hills ( fig. 1 ). These indicate significant crustal growth or reworking during the Paleoarchean; however, actual protolith ages have been established only for the end of the Paleoarchean to the Mesoarchean, with the zircon U-Pb dating of felsic orthogneisses from Mount Riiser-Larsen (3270Ϯ12 Ma, 3267Ϯ5 Ma and 3073Ϯ12 Ma; Hokada and others, 2003 ), Dallwitz Nunatak (2933Ϯ25 Ma, zircon, Kelly and Harley, 2005 and Proclamation Island (2988Ϯ23 Ma, Kelly and Harley, 2005) . A Rb-Sr whole rock age of 3100Ϯ75 Ma may also suggest the presence of old granitoid protoliths in the Fyfe Hills others, 1983a, 1983b) , and discrete populations of ca. 3.0 Ga detrital zircons in paragneisses from Fyfe Hills and Mount Cronus suggest the presence of rocks of this age in the western Napier Complex (Asami and others, 2002; Horie and others, 2012) .
A late Mesoarchean episode of high-grade metamorphism and deformation has been recognized from widespread localities. U-Pb zircon ages that are regarded as dating metamorphism were reported from Khmara Bay (2822Ϯ22 Ma, Harley and Black, 1997 ), Dallwitz Nunatak (2842Ϯ16 Ma, Kelly and Harley, 2005 , superseding Harley and Black, 1997 ), Mount Riiser-Larsen (2850 -2790 Ma, Hokada and others, 2003 , and Proclamation Island (2854Ϯ14 Ma, Kelly and Harley, 2005) . Harley and Black (1997) regarded this episode as involving the highest grade of metamorphism, consistent with ages from supposedly syn-tectonic intrusions. Such magmatic ages have been identified at Dallwitz Nunatak (Harley and Black, 1997) , Mount Bride (2840Ϯ280 Ma, Rb-Sr, Black and others, 1986b) and Mount Riiser-Larsen (ca. 2830 Ma zircon, Suzuki and others, 2006) . However, Kelly and Harley (2005) reassessed these ages in light of REE compositions of metamorphic zircon from the Dallwitz Nunatak orthogneiss, which established the absence of garnet (present in the UHT paragenetic assemblage) during ca. 2850 Ma metamorphism, and concluded that such zircon growth occurred during a low-P high-T (but not UHT) event. Exactly which event, 2.8 Ga or subsequent 2.5 Ga metamorphism, relates to regional D 1 is unclear; rather it is likely that high strain fabrics cannot be readily correlated between widely-separated localities.
Neoarchean zircon ages for protoliths of felsic orthogneisses at Fyfe Hills (ca. 2741 Ma, Horie and others, 2012) and Tonagh Island (2626Ϯ28 Ma, Carson and others, 2002a) provide upper constraints on the timing of UHT metamorphism. These are consistent with zircon data from paragneisses from several localities, which yield detrital ages with remarkably consistent ranges: 2970 to 2600 Ma (Zircon Point; Kelly and Harley, 2005) , 3025 to 2674 Ma (Fyfe Hills; Horie and others, 2012) , 3020 to 2580 Ma (Mount Cronus; Horie and others, 2012) and 3000 to 2650 Ma (Mount RiiserLarsen; Hokada and others, 2004) . The oldest estimates for the major tectonometamorphic episode that reworked ca. 2800 Ma gneisses and younger igneous and sedimentary lithologies into a single high-strain gneissic terrane come from metamorphic zircon, and concentrate at ca. 2540 Ma in multiple localities (ca. 2535 and 2518 Ma, Fyfe Hills, Horie and others, 2012 2543Ϯ41 Ma, Zircon Point, Kelly and Harley, 2005; 2546Ϯ13 Ma, Tonagh Island, Carson and others, 2002a) . In all these localities, this event was followed by subsequent episodes of growth (ca. 2484 and 2437 Ma at Fyfe Hills, Horie and others, 2012; 2511Ϯ17 and 2490Ϯ17 Ma at Zircon Point, Kelly and Harley, 2005 and 2480 -2450 Ma at Tonagh Island, Carson and others, 2002a . Ages of zircon growth that do not define precise stages are found elsewhere (2520-2450 Ma at Mount Riiser-Larsen, others, 2003, 2004; Suzuki and others, 2006; and 2550-2480 Ma at Aker Peaks, Belyatsky and others, 2011) . Samples from other localities record only a single episode at ca. 2490 Ma (2492-2490 Ma at Mount Cronus, Horie and others, 2012 ; 2485Ϯ14 Ma at Dallwitz Nunatak, Kelly and Harley, 2005 ; 2486Ϯ6 Ma at Gage Ridge, Kelly and Harley, 2005; and 2487Ϯ10 Ma at Proclamation Island, Kelly and Harley, 2005) . Due to this complexity in zircon age data, there is disagreement as to whether peak ultra-high temperatures were attained during the earlier (ca. 2540 Ma) or later (ca. 2490 Ma) stages of zircon growth. Kelly and Harley (2005) argue for peak metamorphism occurring shortly before or at ca. 2540 Ma, with later zircon growth at ca. 2490 Ma occurring during cooling and crystallization of anatectic melt. Horie and others (2012) hypothesize that ca. 2490 Ma zircon at Mount Cronus could be a product of fluid activity, a suggestion consistent with the post-peak interpretation of Kelly and Harley (2005) . In contrast, Grew (1998) suggested that UHT conditions are also recorded by syn-deformational pegmatites at Casey Bay ( fig. 1 ) that were dated by Black and others (1983a) at 2474Ϯ3 Ma and 2456Ϯ8 Ma. However, as the latter cut gneissic fabrics and are only deformed by late (D 3 ) folding and shearing, they are best considered as providing a lower age limit to the episode of high-T metamorphism and high-strain deformation in the Napier Complex. Subsequent to this, there is only local evidence of deformation and metamorphism, largely restricted to discrete mylonitic shear zones (dated at ca. 2550-2470 Ma by Crowe and others, 2002) . Late pegmatite intrusions provide age estimates for later minor events, possibly associated with metamorphism (for example ca. 2200 Ma zircon in pegmatite, Grew and others, 2001; ca. 1930 -1800 Ma for fluid-altered zircon adjacent to pegmatite, Carson and others, 2002b ; and 498Ϯ2 Ma for monazite in pegmatite, Carson and others, 2002b) . Mount Sones (Sample 14178-1; n3852) , Paragneiss Sample 14178-1 is a paragneiss from Mount Sones. It is dominated by quartz and mesoperthite and contains low modal proportions of idiomorphic garnet, cordierite, K-feldspar and orthopyroxene, with accessory zircon, rutile and monazite. Quartz contains numerous exsolved rutile needles oriented within its crystal lattice. Distributed throughout the rock are fine-grained intergrowths of cordierite ϩ K-feldspar ϩ quartz; some of these intergrowths contain dendritic orthopyroxene. This assemblage can be interpreted to represent the breakdown of former osumilite, indicating this rock attained ultra-high temperature conditions. Small euhedral zircon crystals are observed in the cordierite ϩ K-feldspar ϩ quartz intergrowths. However, the location of zircon is not restricted to this microstructure and it can be found distributed throughout the rock.
Dallwitz Nunatak-945 Peak (Sample 11178-1; n3847) , Sapphirine-Bearing Paragneiss This rock is quartz-rich containing volumetrically minor sapphirine, orthopyroxene and mesoperthite, with accessory zircon and rutile. Isolated intergrowths of K-feldspar ϩ cordierite ϩ quartz are distributed throughout the rock and are interpreted to have formed by the breakdown of peak osumilite. Sapphirine is observed in textural equilibrium with orthopyroxene and quartz, suggesting the rock experienced temperatures in excess of 900°C. Locally, sapphirine is separated from quartz by a thin corona of cordierite. The coarse-grained quartz contains abundant exsolved rutile needles whose orientations appear to be crystallographically controlled. Some of the geochronological results from this sample were published in the data repository by Kusiak and others (2013) : in this paper they are presented in table 1.
Gage Ridge (Sample 16178-2; n3850), Orthogneiss
This sample is a strongly layered felsic, pyroxene-bearing orthogneiss and was collected from the same sample site on the same expedition as sample 78285013 investigated by Harley and Black (1997) and Kelly and Harley (2005) . It is composed of granoblastic mesoperthite and quartz with scattered trails of orthopyroxene defining a coarse gneissosity. Some of the geochronological results from this sample were published in the data repository of Kusiak and others (2013) : in this paper they are presented in table 2.
methodology Zircon grains were separated by standard crushing and heavy-liquid techniques, mounted in epoxy resin along with the Geostandards 91500 zircon (Wiedenbeck and (continued) 1 n3847 is the NordSIMS laboratory number for sample identification. 'r' refers to rim domain, and 'c' to central domain, and 'w' to white color in CL.
2 Th/U ratios presented were calculated from measured Th and U oxides. 
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Archean UHT metamorphism in the Napier Complex, Antarctica (continued) 1 n3850 is the NordSIMS laboratory number for sample identification. 'r' refers to rim domain and 'b' is a duplicate analysis.
2 Th/U ratios presented were calculated from measured Th and U oxides. others, 1995) and polished to reveal their interiors. Back-scattered electron (BSE) and cathodoluminescence (CL) images were obtained to characterize the internal structure of the grains. The CAMECA IMS 1280 ion-microprobe at the Swedish Museum of Natural History, Stockholm (NordSIMS facility), was used for zircon geochronology (U-Pb dating in single-collector mode and Pb-Pb multi-collector mode) and for oxygen and REE analyses; additionally, selected grains were mapped by Scanning Ion Imaging (SII). Spot analysis for U-Pb closely follows the method described by Whitehouse and Kamber (2005) using a ca. 15 m, 6 nA O 2 Ϫ primary beam, and peak-hopping mono-collection with an ion counting electron multiplier (EM) at a mass resolution of ca. 5400 (M/⌬M). Common Pb was corrected using the 204 Pb counts assuming a present-day terrestrial Pb-isotope composition model (Stacey and Kramers, 1975) following the rationale of Zeck and Whitehouse (1999) that this is largely surface contamination introduced during sample preparation, and not common Pb residing in zircon and/or micro-inclusions. Very low amounts of common Pb were detected during the spot analyses with f 206 Pb Ͻ 0.1 percent, in many cases below the detection limit for 204 Pb based on the electron multiplier background. Where common Pb corrections were deemed necessary on the basis of measurable 204 Pb, these were small and therefore insensitive to the precise composition of the common Pb. Subsequent Pb-isotope spot analyses used four multi-collector EMs to detect the Pb isotopes O at mass 196). The instrument was set to a mass resolution of 4860 (M/⌬M), sufficient to separate Pb from molecular interferences. Detector backgrounds were assessed separately using long integrations with the secondary ion beam blanked and were typically ϳ0.01 cps. Relative detector yields were measured using a peak-hopping routine, putting the same species (HfO) sequentially into each detector, and were within Ϯ5 percent. Secondary ion signals were sufficiently low that dead-time corrections were insignificant. Image analysis was performed using the Cameca WinImage software. Following correction for detector gains, 207 Pb/ 206 Pb ratios were corrected for common Pb based on measured 204 Pb/ 206 Pb ratios. Oxygen isotopic analyses were performed using similar methods to those described by Whitehouse and Nemchin (2009) , utilizing a critically focused Cs ϩ primary beam with a spot size of ca. 10 m, a low energy, normal incidence electron flooding device for charge compensation and simultaneous detection of 16 O and 18 O in two Faraday detectors. Measured isotopic ratios were normalized to a ␦ 18 O value of ϩ9.86 permil (relative to SMOW) for the reference zircon 91500. Minor linear drift corrections (Ͻ1 ppm/run) were applied to the data sets, where applicable, based on minimizing the external error on the standards.
Rare earth element concentrations in selected zircon grains were made using the same SIMS instrument and on the same analytical sites used for geochronology and oxygen measurements: the detailed methodology is described by Whitehouse (2004) . The calibration standard was NIST SRM 610, and the concentration values follow Pearce and others (1997) . The values for C1 normalization were taken from Anders and Grevesse (1989) .
Raman measurements of two zircon grains (Dallwitz Nunatak, grain identifier n3847-44 and Gage Ridge, grain identifier: n3850-47) were conducted at the Mineralogical Institute of the University of Münster, Germany, using a Horiba Xplora dispersive Raman spectrometer. Raman scattering was excited by the 638 nm line of a He-Ne laser and the scattered Raman light was analyzed with a charged-coupled device (CCD) detector after being dispersed by a grating of 1800 grooves per mm and passed through a 100 m entrance slit. The resulting spectral resolution was about 3.5 cm Ϫ1 . A confocal aperture of 500 m was used to collect the spectra. Maps were obtained with a 100ϫ objective, resulting in a lateral resolution of about 1 m and steps of 1 m. Measured FWHM (Full Widths at Half Maximum; the width of a spectral emission at the 50% amplitude points) were calculated using the equation given by Irmer (1985) .
results

Sample 14178-1, n3852-970; Mount Sones, Paragneiss
All zircon grains have a very low response in CL, obscuring any internal structure. Eighteen grains were analyzed for U-Pb age, with 26 spots selected in the central and outer parts of the grains to test for age variations (table 3) . No core-rim differences were distinguished in any zircon grains. All sites record high U and Th contents, up to 5268 ppm and 383 ppm, respectively. Outer parts of the analyzed zircons are characterized by lower Th content (Ͻ200 pm), resulting in slightly lower Th/U ratios, although all are low and vary between 0.12 and 0.04. fig. 2A) . Analyses of the outer parts of the grains are concentrated in the reversely discordant part of the array, with 207 Pb/ 206 Pb ages between 3055Ϯ4 and 2975Ϯ7 Ma. As most of the data are reversely discordant, a regression line was fitted to the data anchored to a lower intercept value of 2500Ϯ50 Ma. This value was chosen as an approximation of the age of the UHT event in the Napier Complex, and incorporates best estimates for the age of metamorphism from various sources (Grew and others, 2001; Carson and others, 2002a; Kelly and Harley, 2005) . The upper intercept of the regression line is 2810Ϯ60 Ma, MSWD 3.4. Ten grains were also analyzed using the multi-collector mode (table 4) and the weighted mean 207 Pb/ 206 Pb age was 3032Ϯ14 Ma. There is a broad positive correlation between the amount of discordance and the U concentration, but no correlation between age and Th/U ratio. As is evident from figure 3B, all analyses of the outer parts of zircons (black diamonds) record the oldest ages (ca. 3000 Ma) with a Th/U ratio Ͻ1.
Eight oxygen isotope analyses were made on 7 grains. The ␦ 18 O ranges between 7.2 and 8.9 permil ( fig. 4) . The same grains were selected for rare earth element analyses (table 6). REE patterns measured in the grain centers (gray diamonds on fig. 5A ) are uniform, with typical positive Ce and negative Eu anomalies and steep MREE. Four outliers with LREE enrichment might be analyses incorporating additional material other than zircon (for example monazite micro-inclusions). Pb ages ranging from 3.6 Ga to 2.4 Ga, and define a discordia with an upper intercept age of 3271Ϯ32 Ma and a lower intercept age of 2520Ϯ57 Ma. Data anchored to a lower intercept of 2500Ϯ50 Ma yield an upper intercept age of 3300Ϯ35 Ma, MSWD 6.5 ( fig. 2B) . In CL images, three different types of zircons can be distinguished: 1) those with oscillatory zoning, 2) those with high CL intensity; and 3) those with little or no CL response. Most grains have low U concentrations (ca. 200 ppm), however, there are a few grains with higher U (Ͼ1000 ppm) and Th contents and Th/U ratios presented were calculated from measured Th and U oxides. Th/U ratios. Unlike the Mount Sones sample, there is no correlation between U content and degree of discordance; however, analyses with U contents above 500 ppm are less scattered (less discordant) than those with lower uranium. There is a positive correlation between 207 Pb/ 206 Pb age and Th/U ( fig. 3D ), regardless of whether the analyses were obtained from the central or outer parts of the grains.
Zircon grains with bright CL response (table 1; grains 2, 20, 23, 31, 50, 55, 60, 77) , are characterized by low U and Th contents (31-75 ppm and 15-46 ppm, respectively), with Th/U ratios of 0.25 to 1.08. Despite this narrow compositional range, the data cover the entire 207 Pb/ 206 Pb age range between 3614 and 2460 Ma. Grains with no, or very weak, CL response (table 1; grains 22, 24, 44, 45, 48, 56, 58, 61, 74, 94, 97) , have U contents much higher than grains with a strong CL response, with two distinguishable ranges of 565 to 844 ppm and 1007 to 1267 ppm (with one outlier of 390 ppm). Thorium content varies from 40-782 ppm and Th/U ratio varies between 2.16 and 0.01 with one outlier of 4.14. Similar to the grains with bright CL response, the Pb age of 3487Ϯ40 Ma (nϭ20, fig. 2D ). Fourteen analyses of oxygen isotopes were performed on 9 grains. The ␦
18 O values are slightly lower than for zircons from Mount Sones, varying from 6.8 to 8.0 permil with an average of 7.4Ϯ0.1 permil ( fig. 4) . The same grains were analyzed for rare earth elements (table 6) and REE patterns are mostly uniform, with Zircon grain number 44 was selected for analysis by Raman spectroscopy, following ion probe imaging. The variation in Raman spectral characteristics of the zircon n 3 (SiO 4 ) anti-symmetric Raman band near 1008 cm Ϫ1 is shown in figure 6 (A-C). Intensity ( fig. 6A), shift (fig. 6B ) and FWHM (Full Width at Half Maximum, fig. 6C ) of this Raman band is strongly dependent on crystallinity (Nasdala and others, 1995) . With increasing radiation damage the n 3 (SiO 4 ) band shifts from around 1008 cm B.
Mount Sones Dallwitz Nunatak
Gage Ridge Pb age for each sample. Diamonds ϭ Mt Sones, circles ϭ Dallwitz Nunatak, squares ϭ Gage Ridge; gray symbols ϭ analyses of the inner parts of grains; black symbols ϭ analyses in the outer parts of grains. with low Raman intensities and shifts to lower wave numbers, as well as increasing FWHM of the n 3 (SiO 4 ) band. These less crystalline parts contain higher amounts of U and Th. A.
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Sample 16178-2, n3850-975; Gage Ridge, Orthogneiss
Similar to zircons from the Mount Sones paragneiss, this sample contains only grains that are dark in CL. A total of 98 U-Pb analyses were performed on 86 grains and the data record the oldest age obtained in this study of 3883Ϯ11 Ma. A discordia through the data, anchored at 2500Ϯ50 Ma, yields an upper intercept age of 3680Ϯ53 Ma ( fig. 2C ). These zircons have the widest range of U contents, with a maximum of 7122 ppm. There is a small sub-set of grains with distinctly lower U contents of between 285 to 555 ppm. Thorium values are also variable and range from 39 to 2470 ppm, with Th/U ratios of 0.02 to 0.76. Multi-collector data ( Pb age of 3768Ϯ76 Ma. There is a broad positive correlation between U content and percentage discordance ( fig. 3E ). However, there is no correlation between age and Th/U ratio ( fig. 3F) .
Oxygen isotope analyses of 31 spots on 22 grains gave much lower values than for the previous two samples (fig. 4) (fig. 4) . The REE trends are similar to the previous samples, with three analyses showing slightly elevated LREE ( fig. 5C ).
Raman investigations of grain number 47 confirmed that areas dark in CL correspond to lower crystallinity ( fig. 6 ). There are a few inclusions of quartz and several unidentified minerals in the zircon grain. The Raman map shows three different areas (figs. 6D, 6E and 6F): (1) a moderately radiation damaged zone with FWHM values for the n 3 (SiO 4 ) band of ca. 18 cm Ϫ1 and a Raman shift of ca. 998 cm Ϫ1 , (2) a strongly radiation damaged area with FWHM values at ca. 25 cm Ϫ1 along with a Raman shift at ca. 996 cm Ϫ1 , and (3) an amorphous area that does not yield any Raman signal. The latter glassy area, however, has retained the stoichiometric composition of zircon, and has similar Zr and Si contents to the less damaged areas. The area mapped by Raman is the same as that mapped for element concentration by Kusiak and others (2013;  fig. 3 ). The less crystalline parts host higher amounts of U and Th. Although Pb concentrations are higher in the U-rich, less crystalline areas, the distribution of Pb is consistently patchy on a smaller scale throughout the mapped areas.
scanning ion imaging (sii)
In order to address the issue of reverse discordance, following spot analysis, areas of 70 m ϫ 70 m in selected grains were imaged (scanning ion imaging; SII) using a ca. 2 m rastered primary beam. This allows both element and isotope variations to be evaluated.
Two zircon grains from Mount Sones were imaged: grain 28 with an age of 2839Ϯ8 Ma and a U content of 3058 ppm ( fig. 7A) , and grain 04 with an age of 3056Ϯ7 Ma and a U content of 1641 ppm ( fig. 7B ). Both grains have a Th/U ratio of 0.1. A single grain from Dallwitz Nunatak with an age of 3578Ϯ23 Ma, a U content of 165 ppm, and a Th/U ratio of 0.49 was selected for imaging ( fig. 7C ). This zircon has the lowest U content amongst the imaged grains. The Gage Ridge sample is represented by the oldest analyzed zircon with an age of 3883Ϯ11 Ma. This grain contains 2247 ppm of U and has a Th/U ratio of 0.16 ( fig. 7D ). The Hf contents of all imaged grains are uniformly distributed ( fig. 7) .
Both grains from Mount Sones have low CL responses, but ion images reveal variable distribution of different elements. Uranium, thorium and yttrium define oscillatory zoning patterns, characteristic of magmatic zircons. Lead displays a patchy distribution, unrelated to any cracks or inclusions in the grains (fig. 7) . The grains from Dallwitz Nunatak and Gage Ridge do not exhibit any zonation in U or Y. However, Pb patchiness was identified in both mapped zircons ( fig. 7) , independent of the U content, age, and Th/U ratio.
Multi-collector lead isotope images, which show evidence of patchiness for both (fig. 8D ). The youngest age is 3527 Ma, whereas the oldest is 4025 Ma. The oldest (Hadean) dates are not "real" ages, but artifacts of radiogenic Pb mobilization, leading to an apparent increase in the magmatic age of the crystal. The youngest ages closely approximate the time of disturbance of the crystal. Although there is a variation of 500 million years in the calculated dates ( fig. 8D) , the robust mean age of all 100 sites is 3866Ϯ15 Ma (at 95% confidence, Tukey's biweight mean), which is within error of the SIMS spot analysis. However, if other sites had been selected for in-situ SIMS analysis, a spurious age could have been obtained for this grain. 
Timing of Geological Events in the Napier Complex
The zircons from the Mount Sones paragneiss were significantly younger than those in the other two samples, yielding an upper intercept age of 2810Ϯ45 Ma.
Excluding a few younger analyses that may have experienced Pb loss at 2.5 Ga, the majority of grains are reversely discordant and relatively U-rich and Th-poor, with uniform compositions and no evidence of oscillatory zoning or other features typical of igneous zircon. Zircon grains of similar characteristics in an orthogneiss from nearby Dallwitz Nunatak, and with an upper intercept age of 2842Ϯ16 Ma, were identified by Kelly and Harley (2005) as being of metamorphic origin. We suggest that the ca. 2810 Ma zircons from Mount Sones are also metamorphic in origin, with two possible relationships to the host metasedimentary rock: 1) the host was metamorphosed at 2.8 Ga, or 2) the host was deposited after 2.8 Ga and includes detrital zircons derived from the erosion of 2.8 Ga granulite. Although the latter interpretation is consistent with the deposition of the paragneiss protolith being later than 2.6 Ga, as suggested by Horie and others (2012) , unlike their samples, there is a lack of concordant ages younger than 2.8 Ga in the Mount Sones sample. This is consistent with the former interpretation of the sample as a sedimentary rock metamorphosed at both 2.8 Ga and 2.5 Ga.
The paragneiss from Dallwitz Nunatak records U-Pb ages that mostly scatter along a discordia with an upper intercept age of 3300Ϯ35 Ma. Grain compositions and structures are more diverse than in the Mount Sones sample and lack a component of 2.8 Ga zircon that could be clearly identified as metamorphic in origin. The low precision of many analyses is due to irregular Pb count rates during analysis, itself caused by the redistribution of Pb into micro-domains, most likely as a result of the 2.5 Ga metamorphic event. As a result, we consider the data to represent detrital zircon from sources that formed between 3550 Ma and 2750 Ma, which are the approximate ages of the oldest and youngest zircons that are concordant within 2 sigma. Pb age calculation and include the oldest and youngest values (solid white ellipses) and location of SIMS spot (solid black ellipses). For clarity, on (B) not all 100 areas are shown, (E) Relative probability of all data from grain n3850-01, Gage Ridge.
The Gage Ridge orthogneiss sample contains four age groups. The youngest group at ca. 2.5 Ga was obtained from zircon grains and rims with relatively low Th/U (0.02-0.43) and high U (1000-7000 ppm) contents, attributable to growth during metamorphism. The next youngest group consists of a broadly linear array of discordant data between 3.8 Ga and 2.5 Ga. These are interpreted as older zircon that variably lost radiogenic Pb during ca. 2.5 Ga metamorphism. A distinct group of zircons with relatively high Th/U (0.6-0.8) preserve the oldest isotopic signatures, and on a discordia chord anchored at 2500Ϯ50 Ma (a conservative estimate of the timing of metamorphism), define an upper intercept age of 3774Ϯ36 Ma (nϭ7). This is similar to the zircon age obtained by Kelly and Harley (2005) , which they interpreted as the time of formation of the magmatic protolith to the Gage Ridge orthogneiss. However, there is a fourth group of data that do not lie along this chord, but spread closer to concordia between 3.6 and 3.3 Ga. These zircons differ in composition from the oldest group, with higher U and lower Th/U values. If this group represents a distinct stage of zircon growth between events at 3.8 Ga and 2.5 Ga, then a number of interpretations are possible. Such growth could have occurred during an as yet unrecognized metamorphic event, in which case the ca. 3.8 Ga protolith has undergone high-grade metamorphism twice; alternatively, the zircon could be magmatic, and possibly related to ca. 3.3 Ga magmatism identified by Hokada and others (2003) at Mount RiiserLarsen. In this case, the older ca. 3.8 Ga population is either xenocrystic, or the Gage Ridge orthogneiss is composite, containing magmatic protoliths of different ages that have been combined and obscured by the 2.5 Ga tectonic event. It is also possible that the ca. 3.3 Ga group does not represent a stage of zircon growth, but consists of older zircon that has been affected by a combination of incomplete Pb loss and Pb remobilization, so that the data deviate significantly from the discordia chord. Unfortunately, there are no clear textural or chemical criteria that allow us to resolve these alternatives; the presence of an event at 3.3 Ga remains a hypothesis to be tested by further investigations. Although the presence of zircon with concordant ages of ca. 4.0 Ga was not confirmed, this study does not rule out their presence. The ca. 3.8 Ga intercept age for zircon growth in the Gage Ridge orthogneiss matches previous age estimates and reinforces the interpretation that this is the age of the magmatic protolith.
Chemical Features of Zircon Affected by UHT
Radiation damaged zircon.-To test if there is a direct correlation between Pb mobilization and radiation damage, we utilized Raman spectroscopy to determine the degree of metamictization in the same zircon domains previously imaged by SIMS (Kusiak and others, 2013) . On the Raman maps, differences in intensity, Raman shift and FWHM define domains with different degrees of metamictization ( fig. 6 ). When the Raman maps are compared to Pb concentration maps of the same areas (Kusiak and others, 2013) , it is evident that there is no correlation and that Pb is patchily distributed regardless of the degree of crystallinity.
Rare Earth Elements.-The REE distributions in zircon from all three samples are mostly similar, with steep MREE to LREE trends ( fig. 5) . A few analyses of zircon from the Mount Sones and Dallwitz Nunatak paragneisses have elevated LREE contents that probably reflect either micro-inclusions of LREE-rich minerals, such as monazite, or radiation-damaged zircon altered by LREE-bearing fluids (compare Cavosie and others, 2006) . The steep MREE to HREE trends of all zircon analyses are consistent with an igneous origin. However, such patterns are also present in metamorphic zircon grown in the absence of garnet. Zircon analyses from the Mount Sones sample fall along a discordia line with an upper intercept age of 2.8 Ga, and this is interpreted as the time of zircon growth: consistently low Th/U values (Ͻ0.12) support this interpretation. A similar 2.8 Ga generation of zircon was identified as metamorphic in origin by Kelly and Harley (2005) in an orthogneiss from Dallwitz Nunatak. Like our sample from Mount Sones, their sample contained garnet that grew during UHT metamorphism, but the 2.8 Ga metamorphic zircon lacked the HREE depletion characteristic of zircon grown in equilibrium with garnet. Instead, Kelly and Harley (2005) suggested that 2.8 Ga zircon grew during metamorphism under high-temperature, low-pressure conditions in the absence of garnet. A similar interpretation for the 2.8 Ga zircons from Mount Sones is likely. Metamorphic zircon grown at 2.5 Ga in the Gage Ridge orthogneiss sample also has a steep MREE to HREE trend; however, this is consistent with growth during UHT metamorphism, as the composition likely precluded the growth of garnet and the rock may have undergone anatexis.
Oxygen 18 O in zircon from the Mount Sones sample are consistent with growth during 2.8 Ga metamorphism, as proposed above. Igneous zircons from Gage Ridge show a narrow range (4.7-6.8‰) of values that are consistent with igneous zircon derived from a magma whose protolith formed by melting of the mantle (Valley, 2003; Cavosie and others, 2006) , or of juvenile crust recently formed from mantle sources.
UHT metamorphism.-The presence of Pb micro-domains supports the earlier inference by Williams and others (1984) of Pb remobilization, but without Pb loss from the zircon grains. This is likely to have occurred in an environment deficient in fluids, since these would assist recrystallization and transport Pb out of the crystals. Consequently, we suggest that annealing under elevated temperatures and fluid-absent conditions is the most likely mechanism by which Pb is redistributed in the Napier Complex zircons. The gneisses of the Tula Mountains are exceptionally H 2 O poor, as a result of UHT metamorphism, and it is conceivable that this caused the unusual behavior of Pb in these zircons. However, thermal annealing of metamict zircon should begin at temperatures below UHT conditions, even in the case of dry annealing (Ͻ800°C), as indicated by experimental data (Váczi and others, 2009) . If this is the case, annealing and Pb remobilization may have begun in prograde or pre-UHT stages of metamorphism, possibly in gneisses that were already lacking H 2 O-bearing phases. Such may be the case for the Mount Sones paragneiss, especially if it had been previously metamorphosed to granulite-facies at ca. 2.8 Ga.
Reverse Discordance
Reverse discordance is rarely observed in zircon analyses where Pb and U are extracted and homogenized by dissolution (McLaren and others, 1994) . However, during ion microprobe analysis of micro-domains in single crystals, the problem of reverse discordance has been recognized for more than 25 years (Williams and others, 1984) . It has been investigated in a number of studies that have led to a variety of explanations. Black and others (1991) observed that in individual samples, the most U-rich zircon is the most reversely discordant. Under temperatures low enough for ␣-recoil damage to accumulate, U content correlates with the rate of radiation damage. Harrison and others (1987) suggested that lattice damage in U-rich zircon creates an anomalous matrix that allows the net loss of U relative to Pb. Reverse discordance measured by ion microprobe may potentially result from the different sputtering characteristics of variably labile components that contain Pb, due to either different degrees of crystallinity or different lattice structures (Wiedenbeck, 1995) . Alternatively, the degree of radiation damage may influence the diffusivity of Pb, leading to localized regions of Pb loss or gain. Williams and others (1984) suggested that reverse discordance is due to genuine local excesses of "unsupported" radiogenic Pb, and is not an artifact of the measurement technique. Recently, Kusiak and others (2013) used ion probe imaging to demonstrate inhomogeneity of Pb on the micron scale in zircon from the Napier Complex, confirming the presence of unsupported radiogenic Pb.
Lead is the stable daughter product of a series of ␣-decay events from parent U and Th, and is located within amorphous regions or inter-atomic positions in the radiation-damaged crystal structure of zircon. Cherniak (2010) has shown that crystalline zircon is resistant to Pb diffusion below 900°C. Experimental studies by Geisler and others (2003) show that due to the incompatibility of Pb 2ϩ , radiogenic Pb is excluded from recrystallized or newly-grown zircon. Both natural examples (Mezger and Krogstad, 1997) and experimental studies (Geisler and others, 2003) confirm that Pb loss is greater in metamict zircon where ␣-recoil damage to the crystal lattice has occurred to a point where damaged domains overlap, producing a kind of "permeability" (Geisler and others, 2003) . However, metamictization itself is not the cause of Pb mobility, but merely the pre-condition. The mobilization of Pb still requires a driving force, occurring either through the permeation of fluids into metamict zircon, transporting Pb and inducing recrystallization, or through annealing at elevated temperatures, inducing repair of damaged structure that forces Pb elsewhere. When metamict zircons are reheated and recrystallized, only the parts of the crystal that were not metamict retain their lead; the most damaged parts reject Pb from the new crystal lattice (Mezger and Krogstad, 1997) .
In the present study, the irregular distribution of Pb revealed by multi-collector ion-microprobe imaging ( fig. 8) demonstrates mobilization of radiogenic Pb within the zircon grains. These micro-domains of Pb enrichment do not include common (non-radiogenic) Pb and have 207 Pb/ 206 Pb values that are higher than would be expected for radiogenic Pb accumulated since the formation of the zircon. This would not be the case if the variation in Pb intensity was merely due to differences in ion sputtering behavior during analysis. The high 207 Pb/ 206 Pb values also demonstrate that ancient Pb remobilization can result in spuriously old ages, in this case Ͼ4 Ga. The ancient concentration of radiogenic Pb into micro-domains thus explains both the presence of reversely discordant ages, as well as the distribution of such ages in U-Pb spot analyses along linear trends that intersect the concordia at the time of Pb remobilization, that is during 2.5 Ga metamorphism. However, grains selected for ion imaging in this study were deliberately chosen to be different in age, with their U contents varying between 165 and 3058 ppm. Ion imaging further emphasizes that areas of Pb enhancement are independent of U or Th content, as was the observation in our previous study (Kusiak and others, 2013) . Our present results establish that Pb mobilization affected grains with a range of ages from 3.8 Ga to 2.8 Ga, all of which underwent UHT metamorphism at ca. 2.5 Ga and possibly a low-P high-T event at ca. 2.8 Ga.
conclusions This study examined the response of zircons of different age to Archean highgrade metamorphism that resulted in Pb migration; we reach the following conclusions:
1. A U-Pb study of three gneissic samples from the Napier Complex, Antarctica, identified zircons that are reversely discordant. Zircons from the Mount Sones paragneiss support previous studies that indicated metamorphism at both 2.8 Ga and 2.5 Ga in the Napier Complex. Zircons from the Dallwitz Nunatak paragneiss yield ages that scatter between 3.5 Ga and 2.5 Ga and represent detrital grains that experienced variable Pb mobilization during metamorphism. Zircon grains from the Gage Ridge orthogneiss form multiple age groups, including a distinct 3.8 Ga population and a spread of concordant ages between ca. 3.6 Ga and 3.3 Ga. It is unclear if the older population is xenocrystic, and the protolith age Յ3.3 Ga, or if it is consistent with previous studies from the same locality, which favor an age of 3.8 Ga for the protolith. 2. There is no evidence of oxygen and REE disturbance during UHT metamorphism, nor any relationship to Pb mobilization. 3. Pb-enriched patches yield 207 Pb/ 206 Pb ages Ͼ4 Ga. These are not genuine ages, but the result of calculations from areas that contain both supported and unsupported radiogenic Pb, the latter resulting from ancient mobilization. Isotope imaging of zircon grains by SIMS reveals that radiogenic Pb can be mobilized, resulting in local domains of Pb-loss and Pb-gain which, over time, develop lower and higher apparent 207 Pb/ 206 Pb ages, respectively, with respect to their igneous crystallization age. Thus, the combination of unsupported and supported radiogenic Pb can yield spuriously old 207 Pb/ 206 Pb ages. This redistribution of Pb is unrelated to the U or Th concentration in the zircon, and to the degree of metamictization. 4. The best interpretation of the data is that reverse discordance in zircon from the Napier Complex is closely related with ancient Pb mobilization and this was most likely caused by polymetamorphism under anhydrous conditions; that is two high-temperature events-one low-P event at ca. 2.8 Ga and a UHT event at ca. 2.5 Ga.
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